Abstract. Using heterogeneous photocatalysis, the radical addition of tertiary amines with electron deficient alkenes can be performed in high yields (up to 98%) and high facial diastereoselectivity. The photochemical induced electron transfer process initiates the radical chain reaction and inorganic semiconductors like TiO 2 and ZnS were used. According to the proposed mechanism, the reaction takes place at the surface of the semiconductor and the termination step results from an interfacial electron transfer from the conduction band to the oxoallyl radical intermediate. Frequently, semiconductors are used for the mineralisation of organic compounds in wastewater. However, in this case, they are used in organic synthesis. The process can be performed in a convenient way and is particularly interesting from the ecological and economical point of view. No previous functionalization of the tertiary amines is necessary for C − C bond formation. Further on, the amines are used both as reactant and as solvent. The excess is recycled by distillation and the inexpensive sensitiser can be easily removed by filtration. In this way, products of high interest for organic synthesis are obtained by a diastereoselective radical reaction.
INTRODUCTION
Radical reactions have become an important tool in organic chemistry, but the control of reactivity and selectivity still needs considerable efforts [1] . Among radicals having a nucleophilic character, α-aminoalkyl radicals seem very attractive for the addition to electron deficient alkenes. These radicals are used for the synthesis of nitrogen containing compounds [2] . Tertiary amines are easily oxidized and radical-cations are obtained. These intermediates yield α-aminoalkyl radicals via the deprotonation in the α-position of nitrogen. Despite their synthetic potential, low chemical yields have been reported for the addition of α-aminoalkyl radicals to α, β-unsatured esters and ketones [3] . The formation of oligomers and degradation products are limiting factors for this reaction, either for the photochemical [4] or for the ground state reactions in the presence of peroxides [5] .
Recently, we described an efficient procedure involving a photochemical electron transfer to initiate the intermolecular radical addition of tertiary amines to electron deficient alkenes [6, 7] . This method uses homogeneous photocatalysis with electron donor substitued aromatic ketones as sensitisers. The products have been isolated with yields up to 94% and a quantum yield of Φ = 4 indicating a radical chain process. The high yields obtained with these sensitisers, which react in a charge transfer excited state, indicate that a photochemical electron transfer followed by a deprotonation step can be an efficient pathway for the generation and the addition of α-aminoalkyl radicals. Moreover, electron donating substituents in the para position of the aromatic ring stabilize the ketyl radical intermediate and avoid coupling products involving the sensitiser. Therefore, under homogeneous photocatalysis, only catalytic amounts of sensitiser (0.1 eq) were used. At the end of the reaction, it could be recovered up to 80%. Under the same reaction conditions, radical tandem reactions could also be carried out efficiently [8] .
In order to develop a new approach for these reactions under heterogeneous photocatalysis, we tested inorganic semiconductors like TiO 2 and ZnS as sensitisers [14] .
Photochemical reactions with semiconductors were studied, for instance, for the detoxification of wastewater [9, 10] , oxidations and reductions, light energy harvesting [11] or in the context of organic synthesis [12, 13] . During the photochemical reaction, an electron is transferred from the valence band into the conduction band. We wondered whether the electron hole h + of the valence band could be filled by an interfacial electron transfer from a reductive species such as a tertiary amine. In this way, a radical-cation might be produced and after deprotonation a nucleophilic α-aminoalkyl radical should be obtained.
RESULTS AND DISCUSSION
We started our investigations by irradiating a suspension of SiC, ZnS or TiO 2 (anatase 99%) and a solution containing (5R)-menthyloxy-2[5H]furanone 1a and N-methylpyrrolidine 2a in acetonitrile. The starting amount of semiconductor in the mixture was 0.1 equivalent with respect to 1a ( Table 1 , entries 1-3). Low conversion rates were observed for TiO 2 and ZnS, while no transformation could be detected for SiC. However, these results indicated that the radical reaction is possible. The yields based on conversion were rather low. After nine hours of irradiation, a lot of degradation and side products were detected. In order to optimize the reaction, different conditions have been tested using only TiO 2 as sensitiser (Table 1, entries 4-11) . Much faster conversions were observed when the concentration of 2a was increased (Table 1, entries 4, 5, 7 and 8) and the best results were obtained when the amine was used as solvent (Table 1 , entries 9 and 10). In many cases (entries 4, 5, 7 and 8), a side product 3a resulting from the Michael addition of pyrrolidine to 1a was isolated. For a given concentration of 2a and a constant amount of semiconductor, yields of 3a increased with increasing the concentration of 1a (Table 1, entries 4, 7 and 5, 8) . Further on, we concluded that the reaction of demethylation of 2a involves the presence of (5R)-menthyloxy-2[5H]furanone 1a and the sensitiser as well. Fortunately, the side reaction was suppressed when the tertiary amine was used as the solvent. The best yields of 4a and 5a were obtained when the starting concentration of the electron deficient alkene was 5×10 −2 mol·L −1 (Table 1 , entry 9). For lower concentrations of 1a, the degradation reactions with TiO 2 could explain the lower yields of isolated products (Table 1 , entry 6). We noticed that a higher starting concentration of 1a (Table 1 , entry 11) decreased the yield, probably due to polymerization of the alkene. Further on, the conversion rate depended on the amount of sensitiser (Table 1 , entries 9 and 10). Under heterogeneous conditions, higher amounts of semiconductor (TiO 2 : 12 mg/150 mL) lead to an important diffusion of light and consequently lower conversion rates. Under the optimized conditions (Table 1 , entry 9), the reaction was carried out with different semiconductors ( Table 2 , entries 1-3). High yields (up to 97%) were obtained in the cases of TiO 2 and ZnS. When SiC was used, the reaction was significantly less efficient. In all cases, the facial diastereoselectivity was high and the attack occurred anti with respect to menthyloxy substituent. Unfortunately, little selectivity was observed for the asymmetric carbon in the α-position of the nitrogen. Two diastereoisomers 4a and 5a were obtained in a ratio of about 45/55. Under these conditions using TiO 2 as sensitiser, N-tert -butylpyrrolidine 2b was added to 1a with the same efficiency and the same yield ( Table 2 , entry 4).
The reaction of various α, β-unsatured esters with N-methylpyrrolidine 2a was also examined under the optimized conditions (Table 3) . Generally, for the electron deficient alkenes 1b-d, high conversion rates and high yields were observed. However, in the case of lactone 1e possessing an additional substituent in the 4 position, the conversion rate was low. A low reac- (a) 2a : R = Me, 2b : R = t -Bu. (b) Yields of isolated products and based on the conversion of 1a.
(c) The starting concentration of 1a was 10 −2 mol·L −1 . tivity of β-disubstitued-α, β-carbonyls compounds was also observed when homogeneous reaction conditions were applied [7] . It has to be noted that somewhat lower yields were obtained with lactones 1b and 1e possessing acetal groups. This labile functional group might favor degradation reactions. Furthermore, steric hindrance for the radical attack is more important. For malonic, fumaric and crotonic derivates 1f-h, complex Vol. 05 mixtures and polymerization reactions were observed even at a low concentrations of 1 (10 −2 mol·L −1 ). In order to explain these results, we propose the mechanism depicted in Scheme 1. The main processes are represented outside the frames. During the photochemical excitation, an electron is transferred from the valence band into the conduction band [15, 17] . After the charge-carrier generation by a photon, other primary processes can occur in the semiconductor (i.e., charge-carrier trapping at the surface of the semiconductor or in the bulk, charge-carrier recombination) [10, 16] . In a heterogeneous photocatalysis system, photoinduced molecular transformations or reactions take place at the surface of the semiconductor particle [17] . During the initiation (oxidation) and the termination (reduction), the amine 2a (respectively the alkene 1a) should be adsorbed at the surface. The detailed mechanistic steps at the surface are represented in frames.
The resulting electron hole h + or the trapped hole h + tr (hole trapping: 10 ns) can be filled by an interfacial electron transfer from the adsorbed amine 2a. In this way, the radical-cation 14 is generated which after deprotonation afford the α-aminoalkyl radical 8. Due to their acido-basic properties, titanol groups at the surface may support the deprotonation [10, 17] . This deprotonation is kinetically controlled and lead to the cyclic α-aminoalkyl radical [18] . α-aminoalkyl radicals have the nitrogen lone pair and the singly occupied carbon orbital in anticoplanar orientation. Moreover, the quasiequatorial position of these orbitals in the cycle leads to the most stable α-aminoalkyl radical [19] . Therefore, no reaction is observed at the methyl group. The same selectivity and the high yields observed, as in the case of the homogeneous photocatalysis, lead us to conclude that the initiation step occurred at the surface via an interfacial electron transfer followed by a deprotonation. It has been reported that CO, CO 2 , and phtalic esters interact with oxygen vacancies at the surface of TiO 2 [10, 17] . Moreover, these defect sites can trap electrons from the conduction band (Ti 3+ sites).We suppose that the carbonyl group of 1a could interact (be adsorbed) like these compounds (Scheme 1). The radical 8 can be added to 1a, leading to the oxoallyl radical 9 adsorbed at the surface (Scheme 1). These intermediates are known to be easily reducible [20] . Therefore, the interfacial back electron transfer occurs to generate the anion 12. Products 4a and 5a are obtained after the quenching of 12 with the adsorbed proton. Consequently, oxidation and reduction steps at the surface of the semiconductor are coupled.
As it was previously reported, for many reactions catalysed by semiconductors, the reactions in solution seem to be less important. In our cases, no products resulting from termination steps in solution (radical dimerisation, . . .) could be detected. Further on, the conversion rate is very low compared to the reaction in homogeneous photocatalysis possessing high quantum yields. Nevertheless, quantitative yields are obtained. Furthermore, no side reaction resulting from an interfacial electron transfer from the conduction band has been observed (e.g. partial reduction of 1a). The most reasonable explanation for this result is that the electron reduces the oxoallyl 9 at the surface which leads to the formation of the target products 4a, 5a.
When TiO 2 was used as sensitiser for the addition of N-methylpiperidine 2c, only a slow reaction was observed and product 6, resulting from a Michael addition of piperidine to 1a was isolated (Table 4 , entry 1). The corresponding addition of pyrrolidine observed as side reaction of the amine 2a was much less efficient and took place only under certain conditions (Table 1, entries 4, 5, 7 and 8) . Due to the lower reactivity of the corresponding α-aminoalkyl radicals derived from N-methylpiperidine, the oxidation of these radicals became competitive and demethylation occurred [21] . Even under strictly anhydrous conditions, this side reaction took place (Table 4 , entry 2). However, when the concentration of compound 1a was reduced, the radical addition could be observed and product 7 was isolated in moderate yield (Table 4 , entry 3), while the formation of 6 decreased. These results indicate that 1a or more probably the oxoallyl radicals 9, 11 might participate in the demethylation process (Scheme 2, path 1) via the oxidation of radicals 8, 10 to A at the surface of the semiconductor. A tautomeric equilibrium of the iminium ions A and B was established [21] and the nucleophilic attack on the methylene iminium group led to piperidine (respectively pyrrolidine). The secondary amines added efficiently to 1a to yield 6 (respectively 3a) [22] . However, oxidations of α-aminoalkyl radicals by excited TiO 2 were also possible (Scheme 2, path 2). Therefore, we searched to diminish the twoelectron oxidation by changing the semiconductor (Table 4, entry 4). When ZnS was used, only product 7 could be isolated. This semiconductor might be less oxidative (E ox (TiO 2 ) = +2.5 V (NHE) vs E ox (ZnS) = +1.8 V (NHE) ) [23] due to the higher energy level of its valence band edge and its surface properties. Despite the more rapid conversion, the yield of desired product 7 remained low.
With N-methylpiperidine 2c, a decrease in the efficiency and an increase in the stereoselectivity with the formation of only one isomer 7, were observed. In this case, the configuration of the chiral centre in the α-position of the nitrogen was controlled. The better stereoselectivity observed with the amine 2c can be explained on the basis of the steric interactions developed in the transition states leading to the two possible stereoisomers [7] .
Under the optimized conditions, acyclic amines like triethylamine 2d N, N-dimethylisopropylamine 2e were unreactive with TiO 2 and ZnS as sensitisers. The α-aminoalkyl radicals derived from amines 2d, e were less reactive due to the free rotation around the C − N bond. In the case of N-ethyldiisopropylamine 2f, the (a) The amount of semiconductor corresponds to 0.02 equivalent with respect to 1a. (b) Yields of isolated products and based on conversion of 1a. dispersion of the sensitiser (TiO 2 and ZnS) could not be achieved and the coagulation of the semiconductor particles was observed.
CONCLUSION
Radical addition of tertiary amines to α, β-unsatured lactones can be performed under heterogeneous conditions in high yields and high facial diastereoselectivity. According to these results and the proposed mechanism, the initiation and termination steps of the radical chain took place at the surface of the semiconductor via interfacial electron transfer. Side reaction of demethylation of the amines could be suppressed under optimized conditions. Furthermore, the heterogeneous photocatalysis is interesting from the ecological and economical point of view. No previous functionalization of the tertiary amines is necessary for C − C bond formation. The amines are used both as reactant and as solvent, the excess is recycled by distillation and the inexpensive sensitiser can be easily removed by filtration.
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EXPERIMENTAL SECTION

Radical addition of tertiary amines to 1 (typical procedure).
A degassed (with argon) suspension of substrate 1 (7.5 mmol, 5 × 10 −2 mol·L −1 ) and the semiconductor (0.15 mmol, 0.02 eq) in 150 mL of the tertiary amine was irradiated in Pyrex-tubes (outside diameter: 4 cm) under vigorous stirring with a magnetic stir bar. The mixture was filtered through Celite and the solvent was recycled by distillation under reduced pressure. The residue was purified by flash chromatography (silica gel, eluent: petroleum ether/ethyl acetate: 2/1).
